New research is currently underway to explore the potential of macroalgae for the production of 8 biofuels. Marine biofuels in general and macroalgae in particular, offer a number of advantages over 9 terrestrial biofuels including reduced competition for freshwater resources and for land use. Sugars 10 can be extracted from macroalgae and processed into biofuels by anaerobic digestion and 11 fermentation. This process generates significant waste biomass, which, if used, could improve the 12 economic sustainability of the biorefinery sector. Bivalves' aquaculture relies heavily on the 13 production of unicellular algae to feed juvenile individuals and this can represent a bottleneck for the 14 bivalve industry especially in locations where sunlight is limited. Previous research explored the use 15 of macroalgae derived digestate as alternative or integrative feed for juvenile bivalves, exploiting the 16 notion that organic particulate matter (detritus) is an integral part of this animal class natural diet. The 17 prospect of using waste products from the emerging biorefinery industry to solve a bottleneck for 18 aquaculture businesses and, by so doing, improving profitability of both, is an exciting one. In this 19 paper we describe the main nutritional profiles (Protein, Lipid, Carbohydrates and Fatty acids) of the 20 tested diets and investigate the potential for the use of a biorefinery a by-product as replacement 21 option for bivalves' production, by benchmarking it against aquaculture industry standards (live 22 microalgae and commercially available algae paste) and natural detritus constituted by farmed sea 23 urchin digesta. Both the digestate and the natural detritus supported the survival and growth of bivalve 24 spat, especially when used at 50% inclusion rate, over the course of 4-week preliminary trials. Data 25 *Manuscript Click here to download Manuscript: The use of biorefinery by product as bivalve feed-revised.docx Click here to view linked References suggest that a synergistic effect of the nutritional profiles of the diets employed may underpin the 26 observed results. 27
Introduction 28
Aquaculture is the fastest food production sector globally and the industry was worth US$144.4 29 billion in 2012 (FAO, 2014) . 90% of the industrial finfish and shellfish aquaculture producers have 30 juvenile or larval life stages that are micro-planktivorous (Duerr et al., 1998) and therefore would 31 greatly benefit from advances in early feeding protocols and products. Hatchery production of 32 production. Currently, there are a number of alternatives to growing live microalgae available to the 55 aquaculture industry such as concentrated preparations of preserved non-viable microalgae 56 (PNVMA), yeasts and bacteria (Knauer and Southgate, 1999). However, these have met with limited 57 success either due to cost of production, their physical properties or their nutritional content. 58
Therefore, the development of a diet to replace unicellular algae has a significant industrial value 59 (Schiener et al., 2015) . The role of macrophyte detritus as a food source in many ecosystems is well 60 documented [Charles, 1993; Nagelkerken et al., 2008) . It has been long established that bivalves 61 readily absorb Kelp detritus and its associated bacteria, which suggests that it can be an important 62 food source for this animal class (Stuart et al., 1982) . In previous studies successes have been 63 as a significant component of its natural diet (Mann, 1988; Duggins et al., 1989) . Therefore, these 82 digestates, or Single Cell Detritus (SCD), from marine macroalgae, obtained via enzymatic digestion, 83
In this study six diets were trialled in triplicate; a live microalgae diet consisting of a 70:30% by algae 109 cell volume mix of T. suecica and I. galbana (MA), an algal paste diet (AP) supplied be Reed 110 Mariculture Inc. (Shellfish Diet 1800®), Single Cell Detritus produced by enzymatic saccharification 111 (SCD); natural detritus produced from Paracentrotus lividus faeces (UF); 50% MA-SCD and a 50% 112 MA-UF. The oysters were kept in 3 litre glass bowls in a static system with an air stone in each bowl 113 to maintain circulation and prevent settling of feed particles. Into each bowl was placed 700mg of spat 114 (approximately 150 individuals; wet weight 4.6±0.2mg; shell length 1.96±0.44mm) on a raised mesh 115 platform, to allow full circulation of water and feed to each individual. Water temperature of the 116 bowls was maintained at 16.3ºC (+/-0.8 SD) using manipulation of the ambient room temperature. 117
Where required feeds were converted into a liquid form by adding the dry feeds to either ambient 118 seawater or to the respective algae mix, algae paste was diluted with ambient filtered seawater as per 119 supplier instructions. The feed rations were administered in a pulse format of 24 separate feeds of 120 10ml once every hour. Daily Feed rations for each treatment were calculated and replenished once per 121 day. The Jebao DP 4 peristaltic pump was used to apply the hourly rations for each replicate. Bowls 122 were cleaned using warm fresh water and complete water change was conducted every three days. 123
Treatments were kept in a temperature controlled room and maintained on a photoperiod of 8 hours of 124 daylight and 16 hours of darkness. Rations of the live algae mix used to feed the MA, MA-SCD and 125
Preparation of the Diets 136
The UF feed was produced from the faeces of Paracentrotus lividus fed to satiation with S. latissima 137 fronds. The faeces were collected soon after production in an effort to minimize nutrient leeching. The 138 wet faeces was sieved through a 200µm mesh to remove large uneaten particles and broken urchin 139 spines, it was then allowed to settle in tall 1 litre measuring cylinder and the supernatant was siphoned 140 off. The faeces were transferred to a shallow tray and allowed to air dry at room temperature (21ºC), 141 any remaining spine fragments were removed during this process by hand while the faeces was still 142 moist. As soon as the faeces had dried sufficiently to be scraped from the tray as a paste it was freeze 143 dried to remove moisture. The dried faeces were then ground to a fine powder using a pestle and 144 mortar and stored in a desiccator. Using a fume-hood to minimize dust inhalation the fine powder was 145 sieved using a 20µm test sieve to ensure all particles were below 20µm and could be ingested by the 146 spat. To produce the SCD diet fronds of Saccharina latissima were treated using cellulosic and 151 hemocellulosic enzyme blends provided by Novozymes, Denmark (Schiener et al., 2015) . 152
Approximately 13.00 ± 0.002g of dried seaweed was added to 250ml Duran glass bottles with 100ml 153 of deionised water. The pH of the solution was adjusted to 5.2 with 10% HCl and the bottles 154 autoclaved at 121ºC for 15 minutes. Once cooled to 45ºC in a water bath, enzymes were added at 10% 155 NS 22086 (w w-1) and 1.2% NS 22119 (w w-1). Bottles were placed in an orbital shaker (New 156 Brunswick Scientific, Innova 4230) at 200 rpm and incubated at 45ºC for 2 days. Following this, the 157 digested seaweed was centrifuged for 10 minutes at 3.200g and residue was washed with equal 158 volumes of deionised water before re-centrifugation. Washed solids were frozen at -20ºC and vacuum 159 freeze dried to remove all moisture. The dried matter was then mechanically ground using a pestle and 160 mortar to reduce particles size and sieved through a 20µm mesh.
Biochemical Analysis 163
Each of the six diets was processed into a dry powder by centrifugation at approximately 5000rpm for 164 10 minutes, supernatant was drained and the remaining pellet was freeze dried and ground into a fine 165 powder. The MA-SCD and MA-UF dried diets were made by combining the respective dried powders 166 at a 1:1 ratio based on weight. 167
The lipid fraction of diets and oysters was extracted using procedures described by Folch (Folch et al., 168 1957). In brief, samples were homogenized in the chloroform/methanol using a tissue disrupter (Ultra 169
Turax™, IKA Werke Gmbh & Co. KG, Staufen, Germany), and 1 ml 0.88% KCl was added and the 170 homogenates mixed before centrifugation at 600 g for 5 min (Jouan C412, Pegasus Scientific Inc.,extraction and purification by thinlayer chromatography as described previously (Ackman, 1980). The 178 FAME were separated and quantified by gas-liquid chromatography using a GC 8000™ series EL 179 980 GLC (Fisons instruments) equipped with a 30 m× 0.32 mm i.d., 0.25 μm capillary column (CP 180 Wax 52CB, Chrompak, London, U.K.) and on-column injection. Hydrogen was used as carrier gas 181 and temperature programming was from 50 to 150 °C at 40 °C min -1 and then to 230 °C at 2.0 °C min -
182
Carbohydrate content of the diets was measured using a Uvikon™ 860 spectrophotometer and 187 compared to a calibration curve generated from known quantities of glucose standard. Between 2.7 188 and 14.5 mg of whole, freeze dried oyster was used in each replicate. Between 2.8 and 8.4 mg of 189 dried, powdered diet was used in each replicate. Each treatment was analysed in triplicate. Solutions 190 made up of 2.5 ml deionised water, 1 ml of 5% phenol solution and 8 ml of concentrated sulphuric 191 acid in the necessary order and at the necessary time in the procedure. The absorbance of each 192 solution was read at 520 nm against a blank standard. From the calibration curve the mg of glucose 193 for each replicate can be determined and converted into total carbohydrate using the following 194
formula: 195 gigas is closer to the latter. The protein content of the two best performing diets, MA-UF and MA 245 had, however, the two lowest protein content of any diet. 246
The carbohydrate content of the MA-UF diet (10.39±0.44%) and the AP diet (10.788 ± 0.94%) were 247 not significantly different. The remaining diets showed significant differences (p<0.05). More 248 specifically, the detritus diets and their relative 50% mix with live microalgae had the highest 249
carbohydrates content compared to commercial algae paste and live microalgae. In particular, the 250 detritus produced from anaerobic digestion (SCD) contained almost 8 times the amount of 251 carbohydrates than MA. 252
Lipid content of the MA, SCD the MA-SCD diet and MA-UF diets did not differ significantly. Lipid 253 content of the AP diet, instead, was significantly higher than all the other diets (p <0.001). The total 254 effect of lipid content of a diet on the growth of C. gigas spat has been found to be relatively 255 insignificant (Langdon & Waldock, 1981) . This is consistent with the results presented here as the 256 higher lipid content of the AP diet was not matched by animal growth performances. Fatty acids 257 profiles of all the tested diets are presented in the non-Metric Multidimensional Scaling plot (Fig. 2) . 258
From this one-way Anosim analysis of the dietary fatty acid profiles, it is clear that the detrital diets 259 (SCD and UF) presented a very distinct profile from the live microalgae and algae paste diet. (MA 260 and AP) Interestingly, however, when the former were mixed with live microalgae their fatty acid 261 profile was tightly clustering with the MA diet. The simper analysis showed that the main fatty acidcontributed for over 20% of the profiles differences, whilst n-3 and n-6 fatty acids only minimally 264 contributed to the difference. On the contrary the main fatty acids contributing to the differences 265 between detrital diets and AP and MA were of the n-3 group, mainly EPA and DHA. 266
Significant differences between diets were observed in the main fatty acids groups: saturated, 267 monounsaturated, n-6 polyunsaturated and n-3 polyunsaturated (Fig. 3) . Saturated fatty acids were 268 observed to be in significantly higher amount in the UF diet (49.41±0.77%) than all other treatments 269 Figure 4 shows the relative abundance of these important compounds in the tested diets. The 279 EPA content was significantly different across each diet (p<0.01) with the AP diet showing a 280 considerably higher content than any other tested diet. The MA diet had significantly higher levels of 281 DHA compared to the other diets (p<0.01). The UF diet contained a comparatively small amount 282 DHA, while the SCD diet did not contain any (Fig. 4) . Juvenile Cerastoderma edule growth did not 283 change when fed a diet containing high levels of EPA and DHA when ARA was instead deficient; this 284
indicates that EPA and DHA may be the most crucial EFAs for juvenile bivalve growth (Reis Batista 285 et al., 2014). Importantly, bivalves do possess some ability to elongate and desaturate precursor fatty 286 acids such as 18:3n-3 into EPA and DHA, if only at low levels (Da Costa et al.
, 2015). This in turn 287
indicates that high levels of EPA and DHA may not be as important in marine bivalves as they are in 288 marine carnivorous fish. 289
Discussion and Conclusion 291
Both the digestate and the natural detritus supported the survival and growth of bivalve spat, 292 especially when used at 50% inclusion rate, over the course of this 4-weeks preliminary trial. Despite 293 these promising results, however, it is important to notice that the growth rate achieved by the 294 juvenile oysters fed MA-UF was only half of that commonly observed under commercial conditions 295 (pers. obs.) using commercial upwelling systems. This, in combination with the oysters' nutritional 296 reserves, strongly indicates that further research into these new potential feed replacements should be 297 conducted using commercial protocols before these results could up-taken by the industry. This is 298 particularly important considering that the use of static tanks with a low volume (2-4l) can lead to an 299 increased growth of bacteria which can contribute to the nutrition of the animals (Laing, 1987). The 300 effect of bacterial proliferation is not yet clear. In some circumstances the bacteria caused clumping 301 which inhibited ingestion (Langdon, 1983). However, clumping effect has also been found to serve as 302 an undefined food source with bacteria contributing significantly to the metabolic nitrogen 303
requirement of C. virginica in closed systems (Langdon and Newell, 1990). 304
The protein content of the two best performing diets, MA-UF and MA has shown the two lowest 305 content of any diet. This seems, therefore, to suggest that a protein content of approximately 9% was 306 sufficient under the trial conditions employed here. Nonetheless, full aminoacid profile whould have 307 provided more clarity for the interpretation of these results. It is also worth noting that the interaction 308 of protein with other nutritional elements and the amino acid profiles of the diets was not analysed in 309 this study and may have been an important factor (Utting, 1986) . 310
The biochemical analysis showed that the detritus produced from anaerobic digestion (SCD) and the 311 natural detritus (UF) contained almost 8 times the amount of carbohydrates than MA. Carbohydrate is 312 mainly utilised as an energy source by juvenile bivalves and acts to balance the utilization of protein 313 and lipid for biosynthesis and growth against catabolism for energy (Whyte et al., 1989). It has been 314 found that ingestion of carbohydrate is closely correlated with growth in C. gigas spat (Brown et al., 315 1998), however this is not consistent with the results from this trial as the SCD diet containedsignificantly higher amounts of carbohydrates than other diets although it wasn't the best performing 317 diet. This suggests that requirements may be fulfilled at lower levels, and that other nutritional factors 318 must be met to facilitate all potential growth. It is also possible that the detrital component of the MA-319 SCD diet was not as palatable or digestible as the MA-UF diet and was therefore not ingested or 320 digested at the same rate. Furthermore, the increased carbohydrates content combined with a richer n-321 3 fatty acid profile of the MA-UF diet could be at the root of the better growth performances of the 322 oyster fed this diet. 323
As expected, the three treatments that included the live Micoralgae mix performed the best overall. 324
The MA and AP diets were intended to establish an industry consistent benchmark and it was not 325 anticipated that any diet would perform better than the live microalgae diet. Surprisingly, individual 326 wet weight of oysters fed the MA-UF was instead significantly higher than that of animals fed live 327 microalgae alone. This diet also outperformed both the SCD and the algae paste diets that were 328 previously shown to possess potential as live microalgae replacement in the hatchery production of 329 oyster juveniles (Schiener et al., 2015) . These findings suggest that the MA-UF diet was either the 330 most nutritionally complete (i.e. more suitable carbohydrate content and fatty acid profile) and/or 331 most bioavailable. The AP diet showed similar levels of nutrients to the MA diet; however, growth in 332 the AP treatments was significantly slower. Likewise, the MA-SCD and MA-UF diets had very 333 similar nutritional profiles despite the MA-UF diet performing significantly better overall. This 334 suggests that beside nutrient density there is a much more complex range of parameters, such as 335 settling rate, ingestion rate and assimilation rate, that contribute to the success of a diet and highlights 336 the need for successive studies to ascertain the key factors that allowed the UF feed to be so 337 successful when used in conjunction with a multi-specific algal diet. 338
New research is currently underway to explore the potential of macroalgae for the production of Tables   Table 1. Nutritional reserves, size (Shell Length) and survival of the oysters spat at the end of the 4 weeks experimental period (mean±sd; n=3). Superscripts indicate statistically significant differences.
Table 2.
Biochemical composition of the six tested diets (mean±sd; n=6). Superscripts indicate statistically significant differences. 
